T he U.S. Pacifi c Northwest (PNW, comprising Washington, Idaho, and Oregon) is an important potato-producing region with a farming area of 208,210 ha. Annual tuber production amounts to 10.7 million Mg with a farm gate value of US$1.5 billion, which accounts for 55% of total U.S. production (National Potato Council, 2006) . Net returns for producers of potato destined for processing depend on factors that infl uence high-percentage recovery of tubers into premium quality french fries. 'Russet Burbank' (which occupied 80, 50, and 35% of the total potato acreage in Idaho, Washington, and Oregon, respectively, in 1996; Jensen, 2005) has been the cultivar of choice across a major portion of the PNW because of its longterm storability and high processing qualities. Th erefore, Russet Burbank has been used in most of the research conducted in the past, including nutrient and water management studies (Alva, 2004a; Errebhi et al., 1998a,b; Joern and Vitosh, 1995; Lang et al., 1999; Lauer, 1985 Lauer, , 1986 Roberts and Cheng, 1985; Roberts et al., 1991; Westermann and Kleinkopf, 1985; Westermann et al., 1988) . Despite the premium processing qualities of the Russet Burbank cultivar, potato cultivar improvement in the PNW has been extremely aggressive, with a target to release improved cultivars to overcome some limitations of Russet Burbank, including susceptibility to disease, heat, and moisture stresses.
A new cultivar, Ranger Russet, was released in 1992 (Pavek et al., 1992) to potentially overcome the limitations of Russet Burbank without compromising tuber quality and yield. Ranger Russet is more resistant to verticillium wilt, fusarium dry rot, leafroll net necrosis, and potato X and Y viruses than Russet Burbank (Pavek et al., 1992) . Ranger Russet also produces high yields of high-quality, large, russet-skinned tubers that are well suited for baking and processing into french fries. During 1996 to 2005, the area planted to Ranger Russet increased from 9 to 19, 3 to 15, and 4 to 31% of the total land area planted to potato in Washington, Idaho, and Oregon, respectively.
Th e increasing popularity of Ranger Russet in the PNW has prompted the need for research to optimize production management practices for this cultivar. Some research has been done (1992) (1993) (1994) on N fertilizer and irrigation management for Ranger Russet in Oregon on silt loam soil (Feibert et al., 1998; Shock et al., 2003) . Total as well as U.S. No. 1 tuber yields (52.5-57.3 and 34.2-37.9 Mg ha −1 , respectively) showed no signifi cant response when N was applied at either 135, 200, or 270 kg ha −1 rates as a single preemergence band application of granular fertilizer. Th is trend was similar across the other cultivars (Russet Burbank, Frontier Russet, and Shepody) evaluated in the above study. Th e yield of Ranger Russet was lower than that of Russet Burbank, but was greater than that of Frontier Russet and Shepody. It is important to recognize, however, that the soils used for potato production in the Lower Columbia Basin region of Washington are coarser textured than the soils used in the Oregon study (Feibert et al., 1998; Alva, 2004a) , and tuber yield is much greater in the former than the latter production region.
On the basis of N management studies conducted in the PNW using the Russet Burbank cultivar, the recommended range of N rate to support 65 to 80 Mg ha −1 tuber yields is 336 to 392 kg ha −1 Potato (Solanum tuberosum L.) fi eld studies were conducted under center pivot irrigation for 4 yr using large plots and standard industry cultural practices to evaluate tillage eff ects (reduced vs. conventional) and diff erent N management practices (preplant plus in-season N rates of 56 + 280, 112 + 224, 112 + 336, and 112 + 112 kg N ha −1 ). Despite growing conditions that produced tuber yields up to 80 Mg ha −1 , potato size distribution and tuber specifi c gravity were similar across diff erent tillage and N management practices with minor exceptions in one out of 4 yr. Reduced tillage avoided four equipment passes compared with conventional tillage. Tuber yield and quality were similar across all N rates. Increasing the frequency of inseason N application from fi ve to 10 at a given N rate did not produce increased tuber yield or improved quality. Th is study demonstrated no negative eff ects of reduced tillage for irrigated potato production. Th e optimal N fertilization program appears to be 112 kg N ha −1 preplant application and a similar in-season N rate in fi ve applications on a 2-wk interval beginning 4 wk aft er seedling emergence. Th erefore, reduced tillage off ers an option for saving energy and labor costs without compromising tuber yield or quality, and thus provides an economic incentive in addition to the benefi ts of reducing soil erosion and enhancing soil biology and soil quality.
Abbreviations: PNW, Pacifi c Northwest. (Kleinkopf and Westermann, 1986; Lauer, 1984 Lauer, , 1985 Roberts and Cheng, 1986; Roberts et al., 1991) . Th is N rate is adjusted depending on the residual soil N (NH 4 and NO 3 forms) in 0-to 30-cm-depth soil at the time of preplant fertilizer application. Th e current recommendation suggests application of one-third of the total N rate as a preplant soil application (Lauer, 1984) , with the remaining quantity applied as in-season fertigations. No clear recommendations are available, however, on the precise timing as well as frequency of in-season fertigation. Th us, there is a need to evaluate diff erent frequencies of in-season fertigations on tuber yield as well as quality.
Reevaluation of N and irrigation management for cropping systems is necessary from time to time to keep pace with changes in production systems, including improved cultural management, cultivars used, target yields, and environmental sensitivity with regard to NO 3 leaching potential (Alva, 2004b; Lang et al., 1999; Shock et al., 2007a,b; Stark et al., 1993; Westermann, 1993) . In some parts of the PNW potato production region, soils are extremely sandy (>90% sand; Alva, 2004a) , and thus are vulnerable to NO 3 leaching, especially if irrigation is excessive. Groundwater quality monitoring studies have identifi ed a trend of an increasing percentage of groundwater samples containing either detectable NO 3 -N concentrations or concentrations exceeding the maximum contaminant limit per USEPA drinking water quality standards (10 mg L −1 NO 3 -N) (Frans, 2000; Frans and Helsel, 2005; Ryker and Frans, 2000; Williamson et al., 1998) . Hence, N management studies that aim to develop best management practices for improving N uptake effi ciency and minimizing pollution potential are needed.
Although tillage is a necessary component of annual crop management, excessive tillage can increase soil erosion, reduce soil C and soil moisture, and ineffi ciently use fuel and labor. Tillage is primarily used in potato production to control weeds, facilitate planting, and increase the ease of later cultivation and harvest. Commercial potato planters, hilling equipment, and reservoir tillage equipment are not currently designed to operate where a large amount of crop residue is present. Reduced tillage practices have been introduced and practiced to conserve soil and water in rainfed farming systems. Adoption of reduced tillage is infrequent in irrigated production systems. Likewise, the adoption of reduced tillage in general PNW agriculture has lagged behind the rest of the nation due to perceived poor crop stands, reduced crop yields, and reduced net returns under reduced tillage. Furthermore, reduced tillage is believed to delay crop emergence due to cool soil, increase the risk of disease and pest problems, prevent suffi cient soil-seed contact, provide poor weed control, decrease the ability to manage crop residues, prevent fertilizer and pesticide incorporation, and increase replacement equipment costs.
Some research has been conducted to evaluate reduced tillage for potato production in other regions and countries (Bennett et al., 1975; Dallyn and Fricke, 1974; Grant and Epstein, 1973; Lanfranconi et al., 1993; Morse, 1997; Mundy et al., 1999; Wallace and Bellinder, 1991) , but no recent research has investigated the role or potential benefi ts of reduced tillage for irrigated potato production, except for one study by Kunkel et al. (1975) . Potato planted using strip tillage produced yield equal to that of conventional tillage in North Carolina (Hoyt et al., 1994) . Potato production was poor when grown with no-till or subsurface tillage in a sandy soil with low organic matter (Mundy et al., 1999) . Grant and Epstein (1973) found no diff erences in potato yield among six tillage systems, but weed management was diffi cult with minimum tillage. Yields were greater when potato was planted with notill into preformed beds of annual ryegrass (Lolium multifl orum Lam.) sod in studies by Bennett et al. (1975) and into cereal rye (Secale cereale L. ssp. cereale) residues in studies by Morse (1997) , compared with conventional tillage yields. Th e objective of this research was to investigate the eff ects of reduced tillage and N management practices on potato tuber yield and quality under center pivot irrigation on a sandy PNW soil.
MATERIALS AND METHODS
Th is study was conducted on Quincy fi ne sand (mixed, mesic Xeric Torripsamment) in Benton County, Washington, under center pivot irrigation. Quincy fi ne sand is a major soil type used for potato production in the PNW. Potato was grown following 2 yr of sweet corn (Zea mays L.) production. Th e plot size was 48 by 10 m (12 rows). shows the layout of the experiment in 2003. First-and second-year sweet corn and potato plots are designated as C1, C2, and P, respectively. During 2004 through 2006, the crop in each plot was changed to follow the above crop rotation. Industry-standard conventional tillage and reduced tillage treatments are designated within each block.
Each tillage plot was further subdivided into four subplots of 12 by 10 m, designated in Fig. 1 as N1 through N4. In 2003, preplant N rates were 56, 112, 112, and 168 kg ha −1 and in-season N rates were 280, 224, 280, and 168 kg ha −1 for the N1, N2, N3, and N4 treatments, respectively (Table 1) . Modifi cations were made to the N treatments for 2004 through 2006 that included changes in the frequency, interval, and duration of in-season N applications as shown in Table 1 . A strip-split-plot block design was used in this experiment with 96 plots (3 crops × 2 tillage treatments × 4 N management treatments × 4 replications). Only potato response data are discussed here. It is important to note, however, that on a given plot, potato was grown one out of 3 yr. Each year's potato response data were based on potato grown following two years of sweet corn. Th erefore, the amount of crop residue deposited prior to each year's potato production was approximately the same.
Th e experiment was conducted under a three-tower center pivot (Zimmatic, Lindsay Manufacturing Co., Lindsay, NE) irrigation that covered 8 ha. Th e total area of the experiment (including the buff er between the plots and the replication) was approximately 2.5 ha on the west half of the pivot circle. During preseason land preparation, a granular N-P-K fertilizer blend with 56 kg ha −1 N (as urea; 46% N), P (as monoammonium phosphate [MAP] ; 11% N, 28% P), and K (as muriate of potash; 50% K) was broadcast uniformly across the entire experiment area. Th e N contribution in the MAP was considered for adjusting the N rate applied as urea. Rates of P and K for each year were determined based on the soil test values of the top 30-cm-depth samples taken prior to preplant tillage (Lang et al., 1999) . During 2004 During , 2005 During , and 2006 , P rates applied were 77, 0, and 82 kg ha −1 , respectively, and K rates were 132, 202, and 222 kg ha −1 , respectively. Th is was followed by an additional broadcast application of N only (as urea, 46% N) at rates as per the preplant rates shown in Table 1 for the N2 through N4 treatment plots in diff erent years. Preplant tillage as per conventional or reduced tillage treatments and planting operations for potato and corn are summarized in Table 2 . Planting potato and seedling emergence dates for each of 4 yr are shown in Table 3 . In-season N applications (as urea-NH 4 NO 3 solution; 32% N at the rate, frequency, and timing summarized in Table  1 ) were done using a tractor-driven boom sprayer, which fertigated six rows in a single pass. Th is was followed immediately by pivot irrigation to wash off the leaves to avoid any foliar burn.
Since 2003 was the fi rst year of this study under center pivot irrigation, the results were evaluated as the mean of the two tillage treatments. Th e details of practices followed for the conventional and reduced tillage treatments are listed in Table 2 . Overall, reduced tillage treatments decreased the number of equipment passes by three to four compared with the conventional tillage applied in this study, which was similar to tillage practices used by most PNW growers. Irrigation was scheduled to replenish daily evapotranspiration (ET) losses. Th e ET was calculated using American Society of Civil Engineers' standardized Penman-Monteith equation (Howell et al., 2005 ) using a weather station at the experiment site that was part of the Washington State University Agriculture Weather Network. Cumulative ET and irrigation during each of the four growing years are summarized in Table 3 . Figure 2 shows a sample data set of daily ET and irrigation amounts for the 2004 growing season. In most cases, the irrigation amount varied from 8 to 10 mm daily during the peak growing season, i.e., July and August. Industry-standard pest, disease, and weed management programs were followed each year as recommended by Lang et al. (1999) and Washington State Cooperative Extension (2003a,b,c) for the PNW production conditions to produce high yields of high-quality processing tubers.
Tuber Yield and Partition of Tubers into Different Size Grades
Tubers were dug from the two middle rows in each plot (6.1 m long per row) using a one-row potato digger (Braco Manufacturing Co., Moses Lake, WA). Total tuber weight from the harvested area was measured and total yield (Mg ha −1 ) was calculated. A 10-kg subsample of tubers was sorted into four size groups (>0.340, 0.227-0.340, 0.113-0.227, and <0.113 kg) using electronic grading equipment (LectroTek Services, Wenatchee, WA), and then into culls plus U.S. No. 2. Th e percentage of tubers within each size grade was used to calculate the perhectare yield of tubers in the diff erent grades. Tuber specifi c gravity was measured by weighing a subset of the tubers in air and in water.
Tuber Nutrient Analyses
A subsample of tubers from each plot was washed in P-free detergent (Liquinox or other similar product) to remove soil residue, rinsed in tap water to remove the detergent, soaked in 0.5 mol L −1 HCl for 20 s, and fi nally rinsed several times in distilled water to remove the acid. Excess water was removed by air drying. Following the measurement of fresh weight, the tubers (with peel) were sliced into small pieces and dried in a draft oven at 70°C for 72 h followed by dry-weight measurement. Th e dried tuber sample was ground in a Wiley mill to pass through a 0.38-mm-diameter screen. Th e concentration of N was determined by dry combustion (CNS analyzer, Vario EL Elemental, Elementar Americas, Mt. Laurel, NJ). One-half gram of dry, ground tuber tissue was put in a 20-mL glass scintillation vial and placed in a muffl e furnace at 550°C for 6 h to ash the biomass. Aft er cooling, the ash was dissolved in 20 mL of 1 mol L −1 HCl. Concentrations of P and K were analyzed by inductively coupled argon plasma emission spectrophotometry (Optima 3000; Perkin Elmer, Norwalk, CT). Concentrations of N, P, and K were expressed as a proportion of tuber tissue dry weight and then converted to kilograms nutrient per hectare using the tuber yield and tuber water content for the respective treatments.
Statistical Analysis of Data
Th e eff ects of the diff erent tillage and N management treatments on total as well as different size grade tuber yields were evaluated with ANOVA and regression tests using SAS soft ware (SAS Systems for Windows, Release 8.0, SAS Institute, Cary, NC).
RESULTS AND DISCUSSION

Total Tuber Yield and Size Distribution
Since this experiment began in 2003, fall residue management following the 2002 crop harvest was similar across both tillage treatments. Th e fi eld had been previously cropped to fi eld corn in 2002; the residue was incorporated in the fall of that year and a winter wheat (Triticum aestivum L.) cover crop was planted before this experiment began in spring 2003. Th us, the 2003 potato results were pooled across both conventional and reduced tillage treatments. Total tuber yield in 2003 varied from 74.8 to 79.1 Mg ha −1 across the four N management treatments (data not presented). Th e ANOVA test indicated that N management treatment eff ects were nonsignifi cant at P = 0.05. About 60% of the total tuber yield was in the >0.227-kg size grade. Nitrogen management treatments did not signifi cantly infl uence the distribution of tubers by size class. Th us, the 2003 results showed that preplant applications of N at either 56, 112, or 168 kg ha −1 (with a total N rate of 336 kg ha −1 , the balance of which was applied in fi ve in-season fertigations) did not infl uence the total tuber yield or distribution of tubers into diff erent size classes. Likewise, at 112 kg ha −1 of preplant N, application of in-season N either at 224 or 280 kg ha −1 had no signifi cant diff erence on the total tuber yield or the size distribution of tubers. Compared with the conventionally tilled potato production that leaves little crop residue on the soil surface, the reduced tillage treatment evaluated in this study increased the residue retention. In the latter treatment, the majority of soil disturbance resulted from the 13-shank bed splitter used to form hills, the six-row planter, and the disturbance at harvest from the potato digger. Operations omitted under reduced tillage included two passes with the Sunfl ower chisel/chopper/packer and the dragoff operation prior to potato emergence in the spring. Th is strategy reduced the total number of passes from nine to six and soil disturbance operations from seven to four, including harvest, compared with those used in the conventional tillage treatment. In the case of reduced tillage used during 2 yr of sweet corn production, fi eld operations were reduced 100% as corn seed was planted directly into the previous year's corn residue with the 12-row John Deere Orthmann minimum tillage corn planter (Deere & Co., Moline, IL). Corn residue following sweet corn harvest in the conventional tillage treatment remained on the soil surface until it was incorporated the following spring. For reduced tillage, sweet corn residues were not incorporated; the succeeding sweet corn was drilled directly into the previous year's residue. Following the second year of sweet corn under reduced tillage, corn residues were incorporated in the spring prior to potato planting.
In 2004, tillage eff ect was nonsignifi cant on total tuber yield or tuber specifi c gravity, but tillage had signifi cant eff ects on tuber yields of diff erent size grades (Table 4) . Nitrogen treatments had signifi cant eff ects on total as well as diff erent size grade tubers (except the <0.113-kg size) and tuber specifi c gravity. Tuber yield varied from 54 to 64 Mg ha −1 (Table 5) . Total tuber yield was signifi cantly lower with 56 kg N ha −1 preplant plus 280 kg N ha −1 in-season compared with the other three N management treatments across both tillage treatments. Potato was planted following sweet corn, which contributed substantial crop residue. During the early stages of residue decomposition and N mineralization, inorganic N applied could be immobilized and subsequently released. Th e negative eff ect of immobilization of preplant-applied N appeared to be greater at the 56 kg N ha −1 rate compared with either the 112 or 168 kg N ha −1 rates. Th is result could explain, in part, a signifi cant decrease in tuber yield at the lower preplant N rate. Th e yield of tubers >0.227 kg was greater for reduced tillage than conventional tillage (Table 5) . Th e converse was true for the yield of tubers <0.227 kg. Due to these contrasting eff ects of tillage treatment on potato size, tillage had no overall signifi cant eff ect on total tuber yield.
Nitrogen management also had signifi cant eff ects on tuber yield within the four size grades. Th e yield of tubers >0.340 kg was significantly greater where 112 + 336 kg N ha −1 was applied compared with 56 + 280 kg N ha −1 . Tuber yield in the 0.227-to 0.340-kg size was signifi cantly lower at 56 + 280 kg N ha −1 compared with the remaining three N treatments. When the preplant N rate was 112 kg ha −1 , neither in-season N applications of 224 or 336 kg ha −1 nor in- 36.4a
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season N application frequencies of fi ve or 10 fertigations had a signifi cant eff ect on total tuber yield or size distribution. In the conventional tillage treatment with 56 + 280 kg N ha −1 , tubers in the 0.113-to 0.227-kg size class contributed 62% of the total tuber yield (data not presented). Th e yield proportion of this size class decreased to 49 and 56% in treatments where 112 + 224 or 112 + 336 kg N ha −1 were applied. Th e proportional contribution of tubers >0.227 kg to total yield was greater under reduced tillage (34-44%) compared with conventional tillage (23-37%) (data not presented). Across all N and tillage treatments, tubers in the 0.113-to 0.227-kg size grade represented the largest portion of the total yield (43-63%), followed by tubers in the 0.227-to 0.340-(24-31%), <0.113-(9-15%), and >0.340-kg (4-15%) size grades (data not presented). With the exception of the 56 + 280 kg N ha −1 treatment, tubers >0.340 kg accounted for 6 and 13% of the total yield in the conventional and reduced tillage treatments, respectively. On the basis of either total tuber yield or yields of tubers in diff erent size grades, there were no advantages of in-season N application in excess of 224 kg ha −1 with 112 kg ha −1 preplant N. Accordingly, in the subsequent 2 yr, the N4 treatment was changed to receive 112 kg N ha −1 each of preplant and in-season N. Th is treatment, thus, provided a basis to evaluate tuber yield and quality response at a much reduced total seasonal N application rate (224 kg N ha -1 ) compared with the current recommended total N rate of 336 to 368 kg N ha −1 .
Tuber yields in 2005 were greater than those during the fi rst 2 yr of this study (Table 5) . Total yields varied from 80 to 85.4 Mg ha −1 across diff erent tillage and N treatments. In contrast to 2004, the 2005 results showed that tillage and N management had no signifi cant eff ects on yield or tuber size distribution (Table 4) . Furthermore, there were no signifi cant interactions between the tillage and N treatments. Th e yield proportions of tubers in the >0.340-or 0.227-to 0.340-kg size grades were greater in 2005 than 2004 across all treatments (Table 5) .
In 2006, the total tuber yield varied from 78.6 to 83.1 Mg ha −1 across tillage and N treatments (Table 5) . Th e eff ects of tillage and N treatments as well as their interaction were nonsignifi cant for total yield as well as yields in the four tuber size grades (Table 4 ).
An evaluation of the 3-yr yield response showed that total tuber yields and the proportion of yield in the tuber size 
Tuber Specifi c Gravity
Across 3 yr, tillage treatment had no signifi cant eff ect on tuber specifi c gravity (Tables 4 and 5 (Table 5 ). In 2005, N management had no signifi cant eff ect on tuber specifi c gravity. In 2006, however, tuber specifi c gravity was lower for the 112 + 112 kg N ha −1 treatment than the 56 + 280 kg N ha −1 treatment. (Westermann et al., 1988) . § Means followed by the same letter in a column are not signifi cantly different according to Duncan's multiple range test at P = 0.05. ¶ Values in parentheses are (total N in plants/N applied)100. # Meisinger and Randall (1991) .
Total Nutrients in Tubers
In potato production, nutrient removal from the fi eld at the end of growing period equals the amount of nutrients in the tubers. Th e nutrients in the vegetative portion of the plant are returned to the soil as crop residues incorporated or left on the soil surface following tuber harvest. For 2004, total N in the tubers varied from 172 to 228 kg N ha −1 across diff erent N management treatments (Table 7) . Tuber N per unit tuber weight (Mg, on a moist-weight basis) varied from 3.06 to 3.60 kg across different N management treatments. Th ese values are within the range reported by Meisinger and Randall (1991) in a summary of various studies.
Tuber N in relation to total N applied varied from 51 to 60% across diff erent N management treatments. Th e recovery percentage of N in the tubers was greater at 112 + 224 kg N ha −1 treatment than the other N management treatments. A preplant N application of 56 kg ha −1 decreased N recovery in the tubers despite a 280 kg ha −1 in-season N fertigation applied for a total of 336 kg ha −1 for the whole growing season. Th is low N recovery is associated with a reduced tuber yield in this treatment compared with the remaining three N management treatments. Likewise, an increased rate of in-season N, i.e., 336 vs. 224 kg ha −1 , also decreased the N recovery percentage in the tuber. Th is is indicative of greater N losses at 336 kg ha −1 in-season N fertigation.
Th e tuber N represents 80 to 90% of the total N in the plant biomass (Roberts et al., 1991; Alva, 2004a) . Accordingly, the estimated total N in the plants varied from 191 to 253 or 215 to 285 kg ha −1 considering tuber N as 90 or 80%, respectively, of the total plant N. At these adjusted amounts of total N uptake by the plants, the effi ciency of N applied varied from 56 to 75%. Total N in the tubers represents the major portion of the potato N requirement. Th e remaining components in the fi eld N budget include the N required for vegetative growth and N in the soil reserve at the end of the crop growing cycle. Nitrogen rates applied can be adjusted to N uptake effi ciencies of 60 and 80% for preplant and in-season applications (Westermann et al., 1988) . Using these N uptake effi ciencies, the N rate used in this study resulted in 248 to 338 kg ha −1 N for plant uptake. Among the N management treatments, total P and K contents in the tubers varied from 37 to 45 and 230 to 298 kg ha −1 , respectively (data not presented).
CONCLUSIONS
Tillage and N management practices should be continuously reevaluated to keep up with changes in the cultivars used in order to increase awareness aimed at improving nutrient uptake effi ciency, and to develop sustainable production practices aimed at minimizing nutrient losses. Rapid increases in fuel costs and the price of N fertilizer also contribute to the need to develop best management practices to reduce those inputs while maintaining or increasing the yield and quality, therefore maximizing the net returns for a given crop production system. Th e results of this study demonstrated that high potato yield and quality can be maintained with reduced tillage in irrigated crop rotation systems. Reduced tillage eliminated four equipment passes compared with the conventional tillage currently used in PNW irrigated potato production systems. Th e results also showed that high yields of superior quality potato tubers were obtained with 112 kg ha −1 preplant N applied to the soil and a similar rate of N as in-season fertigations in fi ve doses applied at 2-wk intervals beginning 4 wk aft er seedling emergence. Further increases in N rate or increased frequency of in-season fertigation failed to provide additional benefi cial eff ects.
